Microscopic, structural, transport and thermodynamic measurements of single crystalline Ba(Fe 1−x TM x ) 2 As 2 (TM = Ni and Cu) series, as well as two mixed TM = Cu / Co series, are reported. In addition, high magnetic field, anisotropic H c2 (T ) data were measured up to 33 T for the optimally Ni doped BaFe 2 As 2 sample. All the transport and thermodynamic measurements indicate that the structural and magnetic phase transitions at 134 K in pure BaFe 2 As 2 are monotonically suppressed and increasingly separated in a similar manner by these dopants.
I. INTRODUCTION
tions for the appearance of superconductivity in these systems, we focus on electron doped BaFe 2 As 2 : Ba(Fe 1−x Ni x ) 2 As 2 , Ba(Fe 1−x Cu x ) 2 As 2 (x ≤ 0.356) and two families of Ba(Fe 1−x−y Co x Cu y ) 2 As 2 (x ∼ 0.022 and x ∼ 0.047) series. Single crystals were grown and characterized. An initial work which showed only the transport measurements on a subset of samples from these series has been published [19] ; in this paper a comprehensive study, on more samples and series, is presented. In specific, for these four series, data from structural, microscopic, transport and thermodynamic measurements are presented.
All these measurements show that the structural / magnetic phase transitions at 134 K in pure BaFe 2 As 2 are monotonically suppressed and separated by these dopants. For the Ba(Fe 1−x Ni x ) 2 As 2 series, superconductivity is stabilized over a smaller doping range than that for the Ba(Fe 1−x Co x ) 2 As 2 series. High field, anisotropic H c2 (T ) measurements done on the optimally Ni doped BaFe 2 As 2 sample, with an applied magnetic field up to 33 T, revealed behavior comparable to that found for K-and Co-doped BaFe 2 As 2 [11, 20, 30] .
In the Ba(Fe 1−x Cu x ) 2 As 2 (x ≤ 0.356) series, superconductivity is not stabilized for T > 3 K. For one concentration, x = 0.044, a sharp drop of the resistivity to zero shows up near 2 K. This feature may be a sign of very limited (0.035 < x < 0.050) superconducting region near this Cu doping level. In the Ba(Fe 1−x−y Co x Cu y ) 2 As 2 (x ∼ 0.022) series, although Ba(Fe 0.976 Co 0.024 ) 2 As 2 is not superconducting, the introduction of extra Cu atoms further suppresses the structural / magnetic phase transitions and a T c dome, with a maximum T c value of 12 K, is found. In the Ba(Fe 1−x−y Co x Cu y ) 2 As 2 (x ∼ 0.047) series, Cu is doped into Ba(Fe 0.953 Co 0.047 ) 2 As 2 , an underdoped compound with T c ∼ 16 K. As Cu is added, the structural and magnetic phase transitions are suppressed further, and T c rises to ∼ 20 K.
Comparisons of the T − x and T − e phase diagrams for TM=Co, Ni, Cu, Cu / Co series combined with our previous work on Rh, Pd dopings [25] reveal that, although the suppression of the upper transitions better scales with the doping level x, the location and extent of the superconducting dome scales better with the number of extra conduction electrons added, which are one for each Co, two for each Ni and three for each Cu atom.
Single crystals of Ba(Fe 1−x TM x ) 2 As 2 (TM=Ni, Cu, Cu / Co) were grown out of a TMAs self flux, using conventional high-temperature solution growth techniques [31] . The growth protocol of Ni doped BaFe 2 As 2 single crystal growths is the same as for Co-doping [20] . Cu doped BaFe 2 As 2 and Cu / Co doped BaFe 2 As 2 single crystal growths are slightly different, though. We use small Cu shot, rather than CuAs, to introduce the dopant because no binary CuAs compound is known to exist. For Cu doped For Ba(Fe 1−x−y Co x Cu y ) 2 As 2 (x ∼ 0.047), Ba : FeAs : CoAs : Cu = 1 : 3.75: 0.25 : m were mixed. These mixtures were placed into a 2 ml or 5 ml alumina crucible. A second, catch crucible, containing quartz wool, was placed on top of this growth crucible and then both were sealed in a quartz tube under ∼ 1/3 atmosphere Ar gas. The sealed quartz tube was heated up to 1180
• C, stayed at 1180
• C for 5 to 8 hours, and then cooled to 1000
• C over 36 hours. Once the furnace reached 1000
• C, the excess liquid was decanted from the plate like single crystals.
Given the difficulties associated with K homogeneity [11, 14] , determining how homogeneous the TM doped samples are is important. Using wavelength dispersive x-ray spectroscopy (WDS) in the electron probe microanalyzer of a JEOL JXA-8200 electronmicroprobe, extensive elemental analysis was performed on each of these batches, especially on the pieces which were used to make the magnetization, resistivity and heat capacity measurements. For those pieces, the samples were carefully exfoliated and cut into several pieces. WDS measurements were done up to five pieces of sample from each batch. The average x and y values, measured at several locations on the sample from WDS measurement, x W DS and y W DS , are used in this paper rather than x nominal and y nominal . Table I summarizes the results of the WDS measurements of the Ba(Fe 1−x TM x ) 2 As 2 (TM=Ni, Cu, Cu / Co) series. N is the total number of spots measured for a given batch.
x nominal and y nominal are the nominal doping concentrations. x W DS and y W DS are the average values of the N measurements for a given batch. m is the quantity of elemental Cu added, as described above. 2σ is twice the standard deviation of the N values measured for one batch, which is taken as the compositional error bar in this paper. The 2σ error bars, which also include machine errors, for all the spots measured in one batch are < ∼ 10% of the average x values. These results further demonstrate the relative homogeneity of the Ba(Fe 1−x TM x ) 2 As 2 series. Powder X-ray diffraction measurements, with a Si standard, were performed at room temperature on a Rigaku Miniflex diffractometer with Cu K α radiation. Diffraction patterns were taken on ground single crystals from each batch. The unit cell parameters were refined by "UnitCell" software. Peak positions were determined from the peak maximum. Zero shift was corrected by the average shift of those Si peaks which have no overlap with the sample peaks. Error bars were taken as twice of the standard deviation, σ, which was obtained from the refinements. Figure 2 shows the powder x-ray diffraction patterns for pure Heat capacity data were collected in a Quantum Design (QD) Physical Properties Measurement System (PPMS) using the relaxation technique. Magnetization and temperature-dependent AC electrical transport data (f=16 Hz, I=3 mA) were collected in a QD Magnetic Properties Measurement System (MPMS) using a LR700 AC resistance bridge. Electrical contact was made to the sample by using Epotek H20E silver epoxy to attach Pt wires in a four-probe configuration. For all series, the measured room temperature resistivities varied from 0.1mΩ cm to 1mΩ cm. Because these samples are easy to exfoliate or crack [20, 33, 34] , ρ(T )/ρ 300K instead of resistivity is plotted as a function of temperature for all series in this paper.
Field-dependent DC electrical transport data were collected in the 33 T magnet facility in National High Magnetic Field Lab (NHMFL) in Tallahassee, FL. R (H) data at different temperatures were measured for H||c axis and H⊥c axis. To correct the temperature off-sets associated with the resistive probe used at the NHMFL [20] , R(T ) data for both samples, in zero field, were measured in the Quantum Design MPMS unit. These shifts were at most 4% of T c .
III. RESULTS
A. Ba(Fe 1−x Ni x ) 2 As 2 Ba(Fe 1−x Ni x ) 2 As 2 compounds were reported to superconduct by Xu. et al [16] , however, no detailed presentation of transport and thermodynamic data or determination of a phase diagram of the structural, magnetic and superconducting phases was made. In order to map the phase diagram of Ba(Fe 1−x Ni x ) 2 As 2 , single crystals were grown and characterized.
The evolution of the lattice parameters with the doping level is shown in Fig. 3 . For
Ni dopings up to x =0.072, the lattice parameter a increases slightly, by 0.04%, while the lattice parameter c decreases almost ten times faster, by 0.35%, and thus the unit cell volume decreases monotonically by 0.26%. This is different from Co-doped BaFe 2 As 2 , in which, up to the x = 0.114 doping level, a and c lattice parameters decrease by 0.07% and 0.5% respectively and the unit cell volume decreases by 0.6%. [20] . With higher Ni doping, the resistive anomaly becomes a broadened upturn. The suppression of the resistive anomaly can also be seen in Fig. 4 (b), which shows the enlarged d(ρ(T )/ρ 300K )/dT below 140 K for Ba(Fe 1−x Ni x ) 2 As 2 ; two kinks similar to those in Ba(Fe 1−x Co x ) 2 As 2 [20, 26] can be observed. Based on the Co-doping work [20, 26] , and considering the similarities between Co-doping and Ni-doping, it is natural to believe that the higher-temperature feature is associated with the structural phase transition and the lower-temperature feature is associated with the magnetic phase transition. Recent neutron scattering work [36] on the Ba(Fe 0.961 Rh 0.039 ) 2 As 2 compound has confirmed this assumption and clarified the criteria to infer the structural phase transition temperature (T s ) and magnetic phase transition temperature (T m ) from the resistivity data, which are shown for x = 0.024 sample in Fig. 4 (b) . These criteria will be employed in this paper for the sample which has the maximum T c in this series, and will be used for all the series presented in this paper.
The heat capacity data of the Ba(Fe 1−x Ni x ) 2 As 2 series have been presented and published in reference [37] . Together with the heat capacity data of the Ba(Fe 1−x Co x ) 2 As 2 series, a
c relation was revealed. The structural / magnetic and superconducting transition temperatures inferred from
Figs. 4, 5 and the heat capacity data [37] are summarized in Table II Given the similarities, and differences, between the Ni doped and Co doped BaFe 2 As 2 systems, a comparison of the H c2 (T ) curves, which reflect the properties of the superconductivity in these two systems, is desirable. Anisotropic H c2 data taken for Ba(Fe 0.954 Ni 0.046 ) 2 As 2 in the magnetic fields up to 33 T are summarized in Fig. 7 . Although data was taken on two samples, only one set of R(H) data is shown. The left panel of Fig. 7 Fig. 8 (a) ) and Ba(Fe 0.926 Co 0.074 ) 2 As 2 ( Fig. 8 (b) ). The anisotropy of near-optimally doped Ba(Fe 0.954 Ni 0.046 ) 2 As 2 is virtually identical to near-optimally doped Ba(Fe 0.926 Co 0.074 ) 2 As 2 as indicated from Fig. 8 (b) whereas it is almost 2 times larger than that of the underdoped Ba(Fe 0.953 Co 0.047 ) 2 As 2 (similar doping level, similar T c ) as shown in Fig. 8 (a) . This is a clear manifestation of the idea that the anisotropy of the superconducting state is not defined by x, but rather by the low temperature structural / magnetic state of the system [20] . The anisotropic parameter γ (= H I, we showed the results of the elemental analysis of the Ba(Fe 1−x Cu x ) 2 As 2 series. We found Cu-doping has a somewhat larger variation of x values than the other TM dopings (but still much less variation than K-doping). This may come from the fact that small Cu shot rather than CuAs powder was used in the growth procedure, but considering the fact that Co powder rather than CoAs powder was used in reference [21] for the growth of Ba(Fe 1−x Co x ) 2 As 2 crystals and very sharp low field M(T )/H features were observed, it is more likely that this somewhat larger Cu-concentration variation is intrinsic in nature.
The evolution of the lattice parameters of Ba(Fe 1−x Cu x ) 2 As 2 with x is shown in Fig.   9 . Comparing to pure BaFe 2 As 2 , with Cu doping up to x=0.356, the lattice parameter a increases linearly by 2.2%, the lattice parameter c decreases monotonically by 1.7% and the unit cell volume increases by roughly 2.6%.
The electrical transport data for the Ba(Fe 1−x Cu x ) 2 As 2 series from base temperature, 2 K, to 300 K (for x = 0.044, the base temperature was 0.9 K) are shown in Fig. 10; the effects of Cu substitution can be clearly seen. As x is increased, the resistive anomaly associated with the structural and magnetic phase transitions is suppressed monotonically.
For the lowest doping level, x = 0.0077, the resistive anomaly manifests an abrupt increase in of the structural and magnetic phase transitions is further quantified in Fig. 11(a) be seen in heat capacity measurement for pure BaFe 2 As 2 . For x = 0.0077, the single sharp peak in pure BaFe 2 As 2 splits into two features in dC p /dT as seen in the inset of Fig. 13 (b) .
With even higher Cu dopings, the sharp peaks become broad. To identify these features more clearly, dC p /dT for x = 0.02 and 0.026 are plotted in Fig. 13 (b) . We can see two kinks in the dC p /dT plot which correspond to the two kinks observed in d(ρ/ρ 300 )/dT [20] . These features are no longer detectable in either C p or dC p /dT for x ≥ 0.035. The inset of there is a clear break from the linear behavior seen for T 2 < 4K 2 , no sharp jump associated with superconductivity can be observed around 4 K 2 . This is not surprising since the heat capacity jump decreases with decreasing T c [37] : for Co-doped and Ni-doped BaFe 2 As 2 , the heat capacity jump is rather subtle for superconductors with very low T c values due to the broadness, such as Ni doped BaFe 2 As 2 samples with T c around 2.5 K and 4 K, neither of which showed a clear specific heat jump.
The structural / magnetic and superconducting transition temperatures are determined from Figs. 10 -13 and summarized in Table III superconducting dome and how T m intersects it (if indeed it does) are speculation. (Fig. 9) , which are presented in susceptibility data is associated with the structural / magnetic phase transitions, and consistent with the resistivity measurements. The high temperature close-to-linear susceptibility can also be seen in this series. The magnitude of the susceptibility is comparable to those of Ba(Fe 1−x Co x ) 2 As 2 and Ba(Fe 1−x Ni x ) 2 As 2 . d(M/H)/dT is plotted in Fig. 17 (b) . Two kinks can be seen for y = 0.005 and 0.01 samples. T.
transition shown in Fig. 17 (c) is not quite as sharp as that found for the higher x-value Fig. 18 around 11 K. The inset shows temperature dependent C p /T data near T c . T c and △C p /T c were inferred using an "isoentropic" construction [37] so that the two areas shown in Fig.   18 have equal areas; △C p /T c is 7.6 mJ/mole K 2 with T c equal to 10.4 K. These values fall onto the log(△C p /T c ) vs. logT plot shown in reference [37] .
From Figs. 16, 17 and 18, we can determine the structural / magnetic and superconducting transition temperatures for the Ba(Fe 1−x−y Co x Cu y ) 2 As 2 (x ∼ 0.022) series. These results are summarized in Table IV and graphically presented as a T − y phase diagram in Fig. 19 . For the temperature indexed by * * , T s was inferred via the same way as we infer T s for the temperatures indexed by * * in the Ba(Fe 1−x Cu x ) 2 As 2 series. For the temperature indexed by * , the criteria in the inset of Fig. 4 (b) are employed. Figure 19 shows that the structural and magnetic phase transitions are suppressed and increasingly split with doping, in addition, superconductivity is stabilized in a dome-like region. The phase diagram has a very similar appearance to those found for the Co-doped and Ni-doped series. It is worth noting that the maximum T c value for the Ba(Fe 1−x−y Co x Cu y ) 2 As 2 (x ∼ 0.022) series is around 12 K, which is somewhat low in comparison to the Co-or Ni-doped series.
To study the effects of Cu doping further, a Ba(Fe 1−x−y Co x Cu y ) 2 As 2 (x ∼ 0.047) series was grown and examined. For y = 0, this is an underdoped, but superconducting, member of the Ba(Fe 1−x Co x ) 2 As 2 series. The elemental analysis shown in Table I indicates that within a single batch the variation of Cu concentration is roughly ±10% of the average concentration, similar to the variation range in the Ba(Fe 1−x Cu x ) 2 As 2 and Ba(Fe 1−x−y Co x Cu y ) 2 As 2 (x ∼ 0.022) series. Figure 21 presents the normalized lattice parameters a/a 0 , c/c 0 and V /V 0 for this series, where a 0 , c 0 and V 0 are the ones for Ba(Fe 0.953 Co 0.047 ) 2 As 2 . As Cu is doped into Ba(Fe 0.953 Co 0.047 ) 2 As 2 , the lattice parameter a and unit cell volume increase while the lattice parameter c decreases. As a comparison, the curves of a/a 0 and c/c 0 of the Ba(Fe 1−x−y Co x Cu y ) 2 As 2 (x=0, x ∼ 0.022) series presented in Fig. 9 and Fig. 15 are added as dash line and solid line in Fig. 21 . As we can see, the effects of Cu doping on the lattice parameters of these series, are quantitatively similar to each other. Heat capacity data was collected for the first clearly overdoped member of this series:
Ba(Fe 0.934 Co 0.047 Cu 0.019 ) 2 As 2 , and is shown in Fig. 24 . The heat capacity jump is consistent with the bulk superconductivity in the sample. The inset shows the the enlarged C p /T vs.
T data near T c . The inferred △C p /T c from "isoentropic" construction is 14 mJ/mole K 2 with T c equal to 13.4 K. These vales also fall onto the log(△C p /T c ) vs. logT plot shown in reference [37] . Table V 
IV. DISCUSSION
As we can see, in each series, good agreement in critical temperatures obtained from the resistivity, magnetization and heat capacity measurements has been observed. The composite T − x phase diagram, shown in Fig. 26 (a) This parameterization is consistent with our Hall resistivity and Seebeck coefficient measurements [38] . This extra electron (e) parameterization is consistent with a simple "rigid band" assumption for band filling, but is also consistent with recent proposals based on a density functional calculation that the extra electrons are all localized around the dopant atoms [39] , at its heart, the extra electron parameterization simply assumes that one Ni atom has twice the effect of one Co atom and one Cu atom has three times the effect of one Co atom. Based on this parameterization, the T − e phase diagrams are presented in Fig.   26 (b). As we can see, the superconductivity domes, especially on the overdoped side, are much better scaled by this parameter.
A T − e phase diagram similar to Fig. 26 (b) has already been mapped out in our earlier work [19] . Via the fact that the structural, magnetic phase transitions (the superconducting domes) appear to be parameterized by the doping level ( the number of additional electrons) respectively, we suggested that superconductivity can be stabilized over a limited, is. This is demonstrated by the Ba(Fe 1−x−y Co x Cu y ) 2 As 2 series:
by progressing from x = 0 to x = 0.022 to x = 0.047, the T s / T m line acquires a larger slope and T max c increases.
The idea that the lower e-value extent of the superconducting dome is determined by the rate of suppression of the T s / T m line carries with it the implication that if this line could be suppressed even more rapidly, as a function of e, then T max c could achieve even higher values.
Unfortunately with 3d-or even 4d-transition metal doping [19, 25] , Co and Rh have already offered the most efficient rate (x : e = 1 : 1). On the other hand T s / T m can be suppressed without any doping at all by the application of pressure. Recent pressure measurements of T − P phase diagrams for pure and Co-doped BaFe 2 As 2 [40, 41] show that indeed for pure and underdoped members of the Ba(Fe 1−x Co x ) 2 As 2 series T c can be increased significantly by suppressing T s / T m with pressure whereas over doped members of the series manifest little or no increase in T c with pressure. Figure 27 summarizes the effects of pressure as well as our 3d and 4d doping in the BaFe 2 As 2 series. T max c is extracted from the T − P phase diagrams for Ba(Fe 1−x Co x ) 2 As 2 [41] and is selected as the highest T c value measured for a given x under pressure. As we can see, whereas T e-values. These data [19, 25] further emphasize that the two necessary, but not individually sufficient, conditions for superconductivity in this series seem to apply to different halves of the superconducting region: for the underdoped side of the dome, suppression of T s / T m is vital for superconductivity and for the overdoped side of the dome the value (and extent)
of T c is defined by the value of e. Figure 27 brings up a final important point: whereas for electron doping via TM substitution in BaFe 2 As 2 , we appear to have a well defined pair of necessary, but not individually sufficient, conditions for superconductivity, it should be born in mind that it is clear that the BaFe 2 As 2 system can be tuned by other means. As clearly demonstrated pressure can tune T s / T m and T c and produce T − P phase diagrams that are topologically similar to the T − x and T − e phase diagrams we present here. In addition P-doping on the As site and Ru doping on the Fe site are nominally isoelectronic dopings that can also produce similar changes, albeit, at least in the case of Ru-doping for almost an order of magnitude higher doping levels [17, 18] . In all of these cases, either by electron doping on the TM site or by physical or "chemical" pressure it is likely that key features in the band structure are being changed in some systematic manner. The challenge is to determine what that manner is. ) and application of pressure [41] for the Ba(Fe 1−x Co x ) 2 As 2 series.
V. CONCLUSION
Microscopic, structural, transport and thermodynamic measurements have been performed on Ni-doped, Cu-doped as well as Co / Cu mixture-doped BaFe 2 As 2 single crystals. 
